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NUMERICAL MODELING OF A CRIB-WALL FAILURE
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Paper No. 5.18

ABSTRACT

The 2-D finite difference program FLAC was utilized to invesligate the probable cause of failure of a crib wall at Hebrew Union
College in Los Angeles. Shortly after reaching its final height of 45 feet, cracking/crushing of the precast-concrete elements had been
observed, and the crib wall was lowered to 35 feet. In spite of this design change. however, a portion of the wall later collapsed
following prolonged rainfalls in March of 1992. In analyzing the construction stages and subsequent wall failure, a simple MohrCoulomb constitutive model was coupled with seepage analysis to simulate the effect of raim.'<mtcr infiltration. Two distinct case
histories were analyzed. The first case involved wall construction through completion, when localized crushing of crib-wall elements
occurred even before the rainy season. The second case simulated a prolonged period of rainfall during which the wall collapsed. It
was found that the low-permeability backfill material allowed the buildup of pore pressures which triggered the collapse of the wall.
However, it was also concluded that neither the initial cracking/crushing nor the subsequent wall collapse would have occurred had
the stacked crib-wall elements possessed the concrete compressive strength specitlcd in the design.
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lNTRODlJCTION
A crib wall up to 45 feet ( 14 m) in heighl \Vas to support a
buttress fill for improving the stability of a cut slope at the
Hebrew Union College in Los Angeles (fig. I). When the
wall collapsed less than 2 years after completion, a number of
independent investigations were launched to determine the
probable cause(s) of failure. The wall had exhibited signs uf
structural distress from the very heginning. In the fall of
1990. shortly after reaching its full height, cracking/crushing
of the pre-cast concrete crib-wall clements had been observed
near the base of the wall (Fig. 2). A~ a result, its taJiest
section was lowered to 35 feet (II m) with a sloped backt111,
and an additional wall was conslructcd about 40 feet (12 m)
upslope as shown in Fig. 1. In spite of the~e modifications,
however, cracking of crib-wall clements continued. and on
March 23, 1992, following an exceptionally wet winter
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season, a 40-feet long section of the lower wall collapsed (Fig.
3). Subsequently. both crib walls were removed and replaced
with n:inforced concrete retaining structures.
Following the collapse of the wall, the owner sought
restitution in legal proceedings involving the contractor(s),
crib-wall manufacturer, designer, and geotechnical engineer of
record. The numerical analysis presented in this paper played
a pivotal role in the out-of-court settlement reached in early
199!1
More specifically, it assisted in evaluating the
significance of the following design/construction aspects
alleged to have contributed to the failure by different
investigators. Since the responsibility for these aspects rested
with different parlies, it was not surprising that the degree to
\\'hich they \Vcrc held responsible for the wall failure varied
widely between the different investigators:
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Fig. I Plot plan

•

Low Shear Strength of Wall Backfill. Laboratory test
results independently obtained by various investigators
suggested that the shear strength of the backfill soils may
have been overstated in the original geotechnical report.
This would have resulted in underestimating lateral earth
pressures for the design of the wall.

•

Structural Defect of Crib-WaU Elements. As-built
compressive strengths of stacked crib wall elements were
found to be consistently less than the specified concrete
design strength. This deficiency was blamed by some
investigators for both the structural damage of the cribwall elements as well as the wall collapse.

•

Stiffness of Crib-Wall Foundation. Some investigators
noted that the unusually stiff foundation slab may have
inhibited initial yielding of the wall, necessary to develop
minimum (active) earth pressure conditions. The greater
(at-rest) earth pressures resulted in increased overturning
moments and. hence. higher stretcher-header contact
-.tresses at the wall face.

•

Poor Drainage of Wall Backflll.
Other experts
concluded that. given the low permeability of the
reworked-slate backfill. drainage provided along the cutto-fill and fill -to-wall interfaces may have been
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insufficient to prevent the buildup of pore-pressure and
loss of shear strength as a result of rainwater infiltration.
It was also suggested that this situation may have been
worsened by an incorrectly installed synthetic drainage
membrane on the backside of the wall.

Cracked

FiJ?. 2 (Photo) Close-up ofcrib wall dam axe
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Fig. 3 (Photo) Front view of crib walls with collapsed section (Case II) shown on the left.
Given the widely differing expert opinions on the cause of
failure, the chances for an out-of-coUit settlement of the claim
for restitution were rather slim. Previous investigators had
relied on conventional methods of analysis based on classic
rigid-body, limit-equilibrium assumptions and/or closed-form
so lutions incapable of addressing the gradual pre-failure
buildup of stresses and deformations and ignoring soilstructure interaction. Hence, the owner searched for an
alternative approach to failure analysis which could clarify the
many inconsistencies and questions left unanswered. The
analysis described in this paper was able to overcome the
previous shortcomings, and an out-of-court settlement was
reached soon after presenting the results.
ANALYSIS APPROACH

Method of Analysis
The analysis was performed with a 2-D version of FLAC, an
explicit finite difference program developed by Itasca, Inc.
( 1995), which has been used for more than a decade for the
solution of complex problems in geomechanics (Cundall and
Board 1988). The program is capable of analyzing static and
dynamic loading conditions combined with seepage and heat
transfer problems. It has been verified by physical model
testing in the centrifuge (Roth et al, 1986 and lnel et al, 1993),
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as well as field measurements from full-scale case histories
(Roth et al, 1993 and 1997).
FLAC has available state-of-the-art nonlinear, effective-stress
constitutive models to simulate the soil/rock continuum
including joint interfaces. Structural members are modeled by
non-linear beam elements capable of plastically yielding, or
outright failing, in bending, shear, and axial compression or
tension.
The coupling of mechanical (stress-strain) and
seepage analysis is accomplished by incrementally alternating
between two modes of computation. After each computation
interval in which seepage conditions (i.e. fluid velocity and
pressure) are updated according to Darcy's law, mechanical
analysis cycles restore the internal force equilibrium. The
analysis is continued until steady-seepage conditions are
reached; i.e. pore water pressures and effective stresses remain
constant.
Model Setup
Two distinct case histories were analyzed, each involving a
different cross section of the crib wall as indicated on the plot
plan in Fig. I. The model meshes for Cases I and II are shown
in Fig. 4 and 5, and a list of input parameters utilized in the
analyses is presented in Table I .

749

45ft
(14m

Pig 4 Model Mesh for Case!

TABLE I.
SOIL PARAMETERS

Unit Weight, pcf(kN/M')
friction Angle, degrees
Cohesion, psf (kPa)
Bulk Modulus, psf (kPa)
Shear Modulus, psf (kPa)
Coefficient of Permeability, em/sec

130 (20.5)
24
550 (26)
2.4x I 0' (II ,500)
I. I X I 0' (5,300)

•

Case 1: 45-Foot (14 m) Wall with Horizontal Backfill.
This model represents the central portion of the wall,
before it was eventually lowered to 35 feet (11 m), after
experiencing structural distress of the crib-wall elements.
1:3el:ause Lhis damage occurred before the rainy season,
the backfill soils had never been subjected to rainwater
infiltration.

•

Case II: 25-Foot (8 m) Wall with Sloped Backfill. This
model represents the southern portion of the wall, which
collapsed at the end of the 1992 rainy season. Two
distinct phases of \Vall damage were analyzed:

25ft
(8m)

Fig 5 ;Hodel ;\4eshfor Case 11
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a) structural distress of the crib-wall elements before

b)

rainwater infiltration; and
wall collapse after a prolonged period of rainfall.

The soil continuum was represented by an elastic-plastic
Mohr-Coulomb constitutive law governed by effective
stresses, and pore pressures were generated by simulating the
intiltration of rainwater into the backfill soils. The crib-wall
elements (i.e. headers and stretchers) were modeled bv rows
of beams with compressive and tensile stiffness/st~cngth,
connected by hinges at their stacking points. The ~tructural
properties of these beams were adjusted to account for out-ofplane spacing and the fact that they represent multiple layers
of actual crib-wall elements. The columns formed by the
stacked headers and stretchers were simulated bv vertical
beam elements with compressive stiffness/strength o.nly. The
structural members were connected to the nodes of the (soil)
model mesh through interfaces with adhesion and frictional
strength corresponding to 80 percent of the shear strength of
the backfill material.
The construction sequence \Vas simulated by placing layer by
layer of crib-wall elements and hackfi.ll until reaching the tina]
height of the wall. for Case II, the analysis \vas continued
beyond the end of construction by ~ubjecting the backfill to
infiltration of railw/ater ti"om the surface of the sloped
backfill. Utilizing measured wall deformations and accounts
of observed structural damage in the period preceding the wall
collapse, it was possible to calibrate the models to a
reasonable degree of confidence.

ANALYSIS RESULTS
The relative importance of the alleged design- and/or
construclion shortcomings of the crib wall was evaluated by
performing a series of what-if analyses. The most probablt:
cause(s) of failure were concluded to he those shortcomings
which resulted in computed wall damage and/or collapse
when introduced in the model.

Low Shear Strength of Wall Backfill
Given the signiticant discrepancies in backfill shear-strength
data reported by various investigators, parametric runs were
performed for both Cases I and II, to evaluate the sensitivity
of the analysis results with respect to these data. The initial
focus was on establishing a reasonable lower-bound shear
strength (i.e. friction angle, Pill, and cohesion, C).
The stable equilibrium line shown in Fig. 6 \\'as established by
repeating the Case-1 analysis with various combinations of
shear strength parameters. Any combination of PHI and C
resulting in the collapse of the model before reaching the
actually achieved wall height \vould plot belovv this line.
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!lased on this plot, the shear strength data obtained by
Investigalor 5 were concluded to be unrealistically low. Of
the data above the 1inc, the strength parameters given in the
original geotechnical report stood out as most likely being too
high. Finally, the best-estimate shear strength data were
judged to be close to the values obtained by Investigator 2
(PH1~24 degrees, C~550 psf (26 kPa)). These parameters
were then utilized for the remaining analysis runs.

Structural Defect of Crib-Wall Elements
The p<uametric study discussed above was also useful in
evaluating the cause of structural damage of the crib-walJ
elements.
Specifically, the question had been asked if
underestimating the shear strength of the backfill material
could be blamed for this damage.
Hence, computed
maximum contact stresses in lhe stacked header-stretcher
columns at the wall face were plotted as a function of backfill
shear strength. Figure 6 presents the analysis results for Case
I in the form of contact-stress contour lines in percent of
design compressive strength which had been specified at
3,250 psi (22.5 MPa) for the crib-wall elements. Similar
results were obtained for Case II, but arc not shown here.
Even though the computed contact stresses didn't vary
signiticantly with the backfill shear strength, the results show
a slight trend of increasing contact stresses with increasing
strength. This somewhat surprising outcome can be explained
by two counteracting mechanisms: While stronger backfill
produces less horizontal earth pressure, its greater strength
also transfers higher vertical loads onto the crib-wall elements
lhan is the case for weaker soils. This '"hanging-up" of the
backfill on the much stiffer crib-wall cells is illustrated in the
vertical-stress contour plot in Fig. 7. V crtical soil stresses in
the interior of the crib wall remain rather low, because a major
portion of the soil weight is transferred through the stretcherheader stacks direct\)' to the wall foundation.
With computed contact stresses ranging from 80 to 86 percent
of design concrete strength, the question was why the crib·
wall elements should have failed? The answer was provided
by the outcome of compression tests conducted with stacks of
stretchers, headers, and false headers. While the first two
types of crib-wall elements consisted of reinfOrced concrete,
the latter did not contain any reinforcement. For compression
lesls on
stacked
columns without false
headers
cracking/crushing initiated at average contact stresses of 2, 740
psi ( 19 MPa) corresponding to about 70 percent of the
specified design strength. The strength deficiency was even
more dramatic when talse headers were included in the tested
stacks. Cracking/crushing in these stacks occurred at average
contact stresses of I ,600 psi (II MPa), or 40 percent of design
strength. Since taJse headers were only included in the
external columns, the wall face was the weakest link of the
crib-wall structure.
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Fig. 6 Case 1- Stable Equilibrium Line and Contours of Contact Stresses in Header-Stretcher
Stacks (Percent ofthe Design Strength)

Stiffness of Crib- Wall Foundation

The effect of foundation rigidity on the level of induced
contact stresses in the stacked columns was investigated by
varying the foundation stiffness in the Case-1 analysis.
Contact stresses of 70, 80, and 90 percent of design strength
were computed in the what-if analyses assuming no base slab,
the as-built base slab, and a perfectly rigid base slab,
respectively.
Even though the as-built case produced
somewhat higher contact stresses than the no-slab case,
structural damage at the wall face could have been avoided
had the crib-wall elements been as strong as specified in the
design documents.

was suspected that the low permeability of the reworked-slate
backfill had rendered these drainage provisions ineffective.
The Case-II analysis was utilized to test this hypothesis by
simulating the water infiltration into the sloped surface of the
wall backfill during the continuous rains from March 20
through March 23, 1992 when the wall collapsed.

Poorly Draining Wall Backfill

Best-estimate shear strength parameters of PHI= 24 degrees,
and C= 550 psf (26 kPa) were derived from the parametric
study discussed above. Based on the compression test resu lts
discussed above, yield strengths of 2,740 psi ( 19 MPa) and
1,600 psi ( 11 MPa) were assigned to the structural members
representing the interior and exterior (wall face) stacked
header-stretcher columns, respectively.
When computed
contact stresses reached these strength lim its, the columns in
the model were able to yield/crush.

Since the collapse of the crib wall had occurred after an
extended period of rainfall, much of the investigation was
focused on the question of pore-pressure buildup in the
backfill, due to poor drainage. Even though drainage had
been provided at the cut-to-fill and fill-to-wall interfaces, it

Seepage Parameters and Boundaries., The backfill material
had been tested and found to be nearly saturated before the
rains. The coefficient of permeability was estimated to be in
the range of I E-5 em/sec. As indicated in Fig. 8, rainwater
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1,000 psf =50 kPa

Fig. 7 Case 1- Vertical stress contours showing ''hanging-up" of interior backfill.

infiltration was simulated by assuming fully saturated
boundary conditions along the slope surface. This assumption
was believed to be quite realistic, because tension and/or
desiccation cracks and fissures had been observed covering
the backfill slopes before the March rains. With the given
boundary conditions and backfill permeability, the model's
water infiltration rate was computed to be about 25 percent of
the rate of precipitation recorded in the days preceding the
wall collapse. That about 75 percent of rainwater would have
been discharged as surface runoff was considered reasonable.

The horizontal drainage lines installed parallel to the wall
along the cut-to-fill interface were modeled as freely draining
sinks. Both the bottom of the wall foundation and the fill-towall interface were assumed to be draining freely, implying
the existence of a perfectly functioning drainage
blanket/membrane. For the what-if analysis simulating an
incorrectly installed drainage membrane at the backside of the
wall, these boundaries were assumed to be impermeable.

RAIN
I
I

I
I

I

I

Drains

100 psf= 5 kPa

Fig 8 Case lf with perfect drainage membrane. Deformed crib wall and pore-pressure contours
2 days ofrainfall (deformations are magnified).

'~fter
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As-Built Model Performance. Computed contact stresses in
the stacked columns at the wall face quickly reached the
assigned yield strength of I ,600 psi (II MPa), and several
structural members had undergone yielding by the time the
construction sequence was completed. The lateral deflection at
the top of the wall accumulated during pla~.:cment of the
sloped backfill was computed as 1.3 inches (3 em).
Resembling the observed wall performance in the field, the
model actually reached a stable state of equilibrium, in spite of
the structural damage suffered through crushing of the stacked
header-stretcher columns.
Incremental wall deflections after half a day of rainwater
infiltration were computed to be 2.5 inches (6 em) at the top.
After simulating 2 full days of continuous raintall, more and
more stacked-column elements began to yield, both in the
interior of the wall and at the wall face, and the \Vall detlection
increased to 4 inches (10 em). The deformed wall model and
contours of computed pore \Vater pressures after 2 days of
rainfall are shown in Fig. 8. Since \Vater infiltration had
reached steady-state seepage conditions, there \Vas no more
increase in driving forces. Nevertheless, wall deflections
continued to increase at a constant rate as indicated by the
slope of the deflection-vs.-time plot in Fig. 9. Hence, the wall
was considered to have t:1iled at this point, and the analysis
was stopped.
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10 em
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-="...
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again was 4 inches (I 0 em), and pore pressures were only
slightly higher (see Fig. I 0). This outcome suggests that the
interface drainage provisions were of little importance in the
collapse mechanism of the wall.
Another what-if analysis was performed assuming that the
stacked stretcher-header columns had the full design
compressive strength of 3.250 psi (22.5 MPa). With this
assumption no cracking/crushing of the columns occurred
during/after \vall construction. More significantly, the wall
did not (;Oilapse, even though it was subjected to the same
duration of rainwater infiltration as the as-built model
discussed above. This outcome suggests that neither the initial
structural damage nor the subsequent wall collapse would
have taken place had the stacked crib-wall elements possessed
the specified concrete compressive strength.

CONCLUSIONS
Most Probable Failure Cause(s)
Based on the analysis results discussed above, it was
concluded that the single most significant shortcoming leading
to crib-wall damage and collapse was insufficient strength of
its stacked header-stretcher columns. llad these columns
possessed the specified concrete compressive strength, the
initial cracking/crushing of the wall face most likely would
not have occurred. Moreover, even though pore pressure
buildup in the backfill was the triggering cause for the
collapse, the results of what-if analyses suggested that the wall
would have survived this critical loading phase but for the
insufficient strength of its stacked header-stretcher columns.
In contrast to the initial structural damage triggered by vertical
forces due to soil ''hanging-up" on the crib-wall elements, the
mechanism of the wall collapse involved excess horizontal
tOrces generated by pore-pressure buildup and associated loss
of shear strength of the backfill soils. The analysis results
indicated that, given the low permeability of the reworkedslate backfill, even perfect drainage provided at the cut-tobackfill and backfill-to-wall interfaces would have been/was
grossly ineffective.

2~ays
Closing Remarks

2 4
6 8 10 12 14 16
Groundwater flow time, sec (x 10•04 )
Fig. 9 Case If- Computed wall deflection vs. duration of
rai1~(all

Additional What-If Analvses. The results of a what-if analysis
assuming an in(;orrectly installed drainage membrane at the
backside of the wall were rather similar to those discussed
above. The computed wall deflection afler 2 days or rainfall
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In spite of dramatic advances in, and availability of, computer
hardware and software, numerical modeling is still far from
being routinely used in geotechnical engineering_ In the past
it was commonly regarded as "too labor intensive " and
computer time \Vas seen as "too expensive." Now that such
arguments are no longer justified, reluctant practitioners
frequently cite "lack of sophisticated soil parameters" as the
main reason for sticking with conventional simplified
approaches - even for not so simple problems involving soilstructure interaction.
As if scarce or poor data would
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100 psf= 5 kPa

Ftg. 10 Case II wilh defeclive dramage membrane. Deformed cnb ·wall and pore-pressure contours
after 2 days ofrainfall {deformations are magnified)
somehow justify the use of poor analysis techniques! Such
reasoning ignores the fact that practice-oriented numerical
models can operate with the same type of input data, or lack
thereof, as conventional analyses. The important difference is
that
the
former,
particularly
when
used
in
a
parametric/sens itivity study, offers significantly more insight
into the behav ior of a complex structure than the latter. Case
in point: the example described in this paper.
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